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Abstract Gamma-ray Bursts (GRBs) are the most powerful explosions known, capa-
ble of outshining the rest of gamma-ray sky during their short-lived prompt emission.
Their cosmological nature makes them the best tool to explore the final stages in the
lives of very massive stars up to the highest redshifts. Furthermore, studying the emis-
sion from their low-energy counterparts (optical and infrared) via rapid spectroscopy,
we have been able to pin down the exact location of the most distant galaxies as well as
placing stringent constraints on their host galaxies and intervening systems at low and
high-redshift (e.g. metallicity and neutral hydrogen fraction). In fact, each GRB spec-
trum contains absorption features imprinted by metals in the host interstellar medium
(ISM) as well as the intervening intergalactic medium (IGM) along the line of sight.
In this chapter we summarize the progress made using a large dataset of GRB spectra
in understanding the nature of both these absorbers and how GRBs can be used to
study the early Universe, in particular to measure the neutral hydrogen fraction and
the escape fraction of UV photons before and during the epoch of re-ionization.
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21 Introduction
Gamma-ray Bursts (GRB) have been observed from z = 0.03 (Pian et al. 2006) to
z ∼ 9 (Cucchiara et al. 2011; Salvaterra et al. 2009; Tanvir et al. 2009) and, similar to
quasars (QSOs), their X-ray/optical/NIR afterglows intersect the interstellar medium
(ISM) and intergalactic medium (IGM) along their lines of sight (e.g. Jakobsson et al.
2004; Behar et al. 2011; Jakobsson et al. 2012; Starling et al. 2013; Campana et al.
2015): from matter near to the host (local ISM, Zafar et al. 2010) to other galaxies
(intervening ISM and/or IGM) at lower redshift (and different impact parameters).
The gas located in each of these components leaves an imprint clearly identified in
GRB (and QSO) optical and NIR spectra by the presence of absorption lines.
Therefore, absorption spectroscopy allows us to disentangle all these absorption
systems allowing us to discern not only their properties (e.g. metal content and gas
kinematics of these galaxies), but also the overall characteristics of the cosmic IGM
during and after the end of re-ionization in a very similar fashion to QSOs (see Fan
et al. 2006, for a review).
In the following sections we summarize the advantage of using GRB afterglows
for these studies with respect to QSOs, the current status of studying the chemical
evolution of the Universe using GRB intervening systems, and the investigation of
the cosmic IGM (e.g. neutral hydrogen fraction) based on recent GRB spectroscopic
datasets. We will also emphasize some of the drawback of using GRBs, e.g., their
transient nature and the low number of events in comparison with QSOs over most
redshifts.
2 Intervening systems
Quasar lines of sight have been explored in depth in recent years thanks to the avail-
ability of large spectroscopic surveys, like the Sloan Digital Sky Surveys (York et al.
2000). Since they are bright background sources, they probe gas and matter located
in foreground objects at different impact parameters. These intervening systems can
be identified in the QSO spectra based on metal absorption features at redshifts lower
than the QSO systemic redshift (usually determined by Lyα, C iv, and Mg ii emis-
sion lines). However, the complexity of the intrinsic QSO continuum and the decreased
numbers of bright QSOs at high-redshift makes the study of the intervening systems
challenging. Nevertheless, thanks to several observing campaigns spanning the near-UV
to the near-Infrared, a large sample of such objects has been collected: the identification
of Lyα lines at the intervening system redshifts has offered a unique opportunity to
use them as tracers of the metal enrichment of the Universe from low-redshift (Lehner
et al. 2013; Muzahid et al. 2016; Cooper et al. 2015) to z ∼ 5. Furthermore, Mg ii
intervening absorbers have been identified in several QSO spectra: in the last decade
the presence and metal content of such absorbers have been matter of debate, in par-
ticular regarding the role of such absorbers in fuelling star-formation and/or tracing
cosmological galaxy build up.
Both types of absorbers, Lyα and Mg ii, have been also identified in GRB afterglow
spectra, the former indicating the presence of large reservoir of neutral hydrogen in the
GRB host galaxy, while the latter are often produced by foreground absorbers along
the GRB line of sight. The synchrotron emission responsible for the simple power-
law afterglow continuum makes the identification and measurement of absorption lines
3easier than QSOs, but the rarity and rapidly fading nature of the emission means that
much lower numbers of such systems have been identified. Nevertheless, GRBs have
been spectroscopically identified up to z = 8.2, providing unprecedented tool to study
the epoch of re-ionization. Thanks largely to the sample of GRBs discovered by the
Swift satellite (Gehrels 2004), and the identification of their afterglows in many cases
(from X-ray to optical and NIR), we have been able to investigate samples of these
absorbers in considerable detail. In the following sub-sections we will briefly discuss
these two types of absorbers, though we direct the reader to the Host galaxy chapter
for a more complete view of the GRB hosts properties.
2.1 Lyman-α absorbers
Intervening systems for which a Lyα line is identified in absorption are subdivided
based on the total hydrogen column density: if log NHI ≥ 20.3 cm−2 they are called
“Damped Lyman-α systems” (DLAs), while if log NHI < 20.3 cm
−2, the systems are
generically called sub-DLAs (see Wolfe et al. 2005, for a detailed review on such
absorbers and further subdivisions). This cool gas usually surrounds galaxies and can
be used to characterize the circumgalactic (CGM) medium (Stewart et al. 2011; Stinson
et al. 2012; Rudie et al. 2012) testing theoretical predictions (e.g. Nagamine et al. 2004;
Berry et al. 2014; Cen 2012; Razoumov et al. 2008; Fumagalli et al. 2011). Because of
their connection with star-formation, DLAs represent important laboratories to chart
the metal enrichment of the Universe, from the end of re-ionization to the peak of star-
formation (z ∼ 2) and at lower redshifts. Recently, Rafelski et al. (2014) have shown
how metallicity decreases with redshift up to z ∼ 4.5 in a large QSO-DLA sample.
Furthermore, these authors suggest that at even higher redshifts there is a steepening
in the decline of cosmic metallicity, probably due to an increase of the covering fraction
of neutral gas as function of redshift. Lyα absorbers have also been identified in the
GRB afterglow spectra and offer a unique possibility to obtain not only higher signal-
to-noise ratio spectra (bright GRB afterglows observed early are usually brighter than
QSOs at any redshift) but also to trace the stellar content of such DLAs (GRB-DLAs):
in fact, GRB-DLAs are associated with the host galaxies enabling, once the afterglow
fades away, detailed studies of DLAs itself.
In 2015, Cucchiara et al. (2015) compiled the largest sample of spectroscopic after-
glow data available and determined uniformly the metallicities of 54 GRB-DLAs from
weak metal absorption lines (like S ii Si ii). They compared this sample with the QSO-
DLA results from Rafelski et al. and, despite having a smaller sample, showed a higher
metallicity around GRB-DLAs at z = 3 − 5, roughly 10% the solar value (a factor of
two higher than the one measured for QSO-DLAs). These authors suggest that GRB-
DLAs may be the best tracer of the interconnection between DLAs and metal build up,
especially at high redshift since usually GRBs occur within their host, in close prox-
imity to star-forming regions. The host galaxy metallicity determination obtained by
absorption lines diagnostics is an important aspect of cold gas fuelling star-formation
and the advent of NIR spectrographs will enable comparisons with emission line (inte-
grated over the whole galaxy) diagnostics, a critical step forward on our understanding
of star-formation in the local Universe and at the highest redshifts. Furthermore, un-
derstanding the nature of the galaxies hosting these absorbers will provide insights on
galaxy formation and evolution. The data required to perform such analyses (e.g. ex-
4tensive multiband observations) is demanding because of the faint nature of the sources
and the need for space-based observatory time in many cases.
2.2 Mg ii absorbers
One of the most studied and commonly identified feature is the Mg ii doublet at
λλ2796, 2803A˚, thanks to its large rest wavelength (which makes it them detectable at
z = 0.5− 2.2), the relatively high abundance, and its oscillator strength.
The Mg ii systems are usually classified in terms of the rest-frame equivalent width,
Wr, of the bluer component as “weak” (W2796 < 0.3 A˚), “strong” (W2796 > 0.3 A˚) as in
Steidel and Sargent (1992) and Churchill et al. (1999), and “very strong” (W2796 > 1.0
A˚, like in Rodr´ıguez Hidalgo et al. 2012).
In the last few years several surveys have expanded our samples of Mg ii intervening
systems up to z = 5.2, thanks to near-IR spectroscopy (e.g. Steidel and Sargent 1992;
Nestor et al. 2005; Prochter et al. 2006a; Quider et al. 2011; Simcoe et al. 2011; Zhu and
Me´nard 2013). These surveys indicate that the very strong Mg ii absorbers present an
increasing trend up to z ∼ 3 before declining at higher redshift (see Figure 1, Prochter
et al. 2006a; Matejek and Simcoe 2012). Intriguingly, this behavior closely tracks the
cosmic star formation history (Prochter et al. 2006a; Zhu and Me´nard 2013), suggesting
that some systems may be causally connected to on-going star formation (Me´nard et al.
2011; Matejek and Simcoe 2012).
For many years, strong Mg ii absorbers have been associated with galaxies (L ≈
L∗) at modest impact parameter and gas around them (Bergeron 1986; Lanzetta et al.
1987; Steidel 1993), either in the outer disks and/or the circumgalactic medium (CGM).
More recently, QSO lines of sight have been explored in order to probe the baryon
content around low-z galaxies (Kacprzak et al. 2012; Chen and Tinker 2008, and ref-
erence therein), as well as a diagnostic of the inner part of these galaxies’ interstellar
medium (Bowen et al. 1995).
In a similar fashion, Gamma-ray Bursts (GRBs) provide both information on their
hosts and on the intercepting matter along their lines of sight (Metzger et al. 1997).
There are two main advantages of using these powerful sources: first, they can be
observed up to very high redshifts (Kawai et al. 2006; Tanvir et al. 2009; Salvaterra et al.
2009; Cucchiara et al. 2011), which allows one to explore a larger redshift path length,
and second, their discovery is largely unbiased with respect to intrinsic properties of
their hosts (extinction, luminosity or mass). In fact, the detection GRBs, at least in
X-ray is independent (or substantially less affected) by the presence of dust extinction
along the line of sight (in the host or in the IGM) (Zafar et al. 2010; Watson and
Jakobsson 2012; Watson et al. 2013; Schady et al. 2010)
Unfortunately, the number of GRBs discovered and observed (thanks also to the
Swift satellite, Gehrels et al. 2004, 2009) is several orders of magnitude less than the
number of quasars that have been found in large surveys. Nevertheless, in 2006 a survey
of Mg ii absorbers was performed for an early sample of Swift bursts and a heteroge-
neous sample of pre-existing GRB spectra (Prochter et al. 2006b, P06 hereafter). These
authors revealed an extremely puzzling result: the incidence of strong (W2796 ≥ 1A˚) in-
tervening Mg ii absorbers was about 4 times higher along GRB sightlines than quasar
sightlines. No such excess was found in other common class of absorbers, e.g. C iv
features (Tejos et al. 2007; Sudilovsky et al. 2007), or for weak Mg ii absorbers (Tejos
et al. 2009).
5Several explanations for this discrepancies were proposed by P06, including: 1)
a possible intrinsic origin of these absorbers, which would imply an average escape
velocity from the GRB hosts of ∼ 10− 30% the speed of light (Cucchiara et al. 2009;
Bergeron et al. 2011); 2) a significant dust bias along QSO lines of sight (Me´nard et al.
2008; Porciani et al. 2007; Budzynski and Hewett 2011; Sudilovsky et al. 2009); 3) a
geometric effect difference due to the sizes of the emitting regions between GRBs and
QSOs (Stocke and Rector 1997; Frank et al. 2007; Porciani et al. 2007; Lawther et al.
2012) ; 4) a gravitational lensing effect (Vergani et al. 2009a; Porciani and Madau 2001;
Rapoport et al. 2011, 2013).
Most of these suggestions were later on discarded, but the puzzling result was only
solved few years ago: the original P06 work, and even the studies that followed, relied
on a small sample of GRB afterglow spectra. Even the largest analysis used only 26
lines of sight (finding 22 absorbers), for a total redshift path of ∆z = 31.55 (Vergani
et al. 2009b). Furthermore, no study had analyzed a completely independent set of
GRB sightlines from the P06 analysis.
In 2013 Cucchiara et al. (2013) collected the largest compilation of GRB spectro-
scopic data, exploring a larger redshift path length (∆z = 44.9, Figure 2). No excess
was identified in an independent sample and further tests, including Montecarlo simu-
lation and bootstrapping analysis, suggested that the earlier work by P06 was biased
by a statistical fluke: in particular, the presence of a small set of lines of sight with mul-
tiple absorbers appears to have driven the results (as suggested by Kann et al. 2010).
The inclusion of the original P06 dataset does not provide any significant improvement
(Figure 3).
3 Neutral hydrogen fraction
The reionization era describes the time when all the intergalactic hydrogen was first
ionized by the photons produced by early galaxies and stars. Moreover, the same process
heated the IGM gas precluding the formation of sub-haloes, which ultimately would
form the smaller dwarf galaxies. Therefore, in order to properly describe the evolution
of the universe until the present time, it is critical to be able to characterize this
important period of its history, for example how long it lasted and how it proceeded
(patchy or continuously).
The intergalactic medium (IGM) is known to have been almost completely ionized
since a redshift of z ∼ 6 (Becker et al. 2006; Fan et al. 2006; Becker et al. 2015), while
observations of the electron scattering of the cosmic microwave background radiation
suggest the universe transitioned from a cold neutral IGM to a hot ionized one at an
average redshift of z ∼ 9 (Planck Collaboration et al. 2015), but with the possibility
that it was a significantly extended and environment dependent process (we will come
back to this issue in Section 4).
From the detection of the Gunn-Peterson trough (GP, Gunn and Peterson 1965)
using high redshift quasars the optical depth of the universe to ionizing photons rapidly
decreases from z ∼ 7 to z ∼ 6, suggesting that the IGM changed due to re-ionization.
Counting the fraction of spectral pixels that are completely absorbed McGreer et al.
(2011) were able to place a conservative, almost model independent, lower bound on
the filling factor of ionised regions. Specifically, first results showed that the neutral
hydrogen fraction should be smaller than fHI < 0.2 (1-σ confidence) in the 5 ≤ z ≤ 5.5
redshift range. Later, McGreer et al. (2015), refined this result obtaining fHI < 0.11 at
6z = 5.6, and fHI < 0.09 at z = 5.9. Another technique, involves the size distribution
of ’dark gaps’ in the Lyα forest (see for example Songaila and Cowie 2010; Gallerani
et al. 2008; Mesinger 2010), which shows that reionizaton is indeed an inhomogeneous
process, with fHI < 0.1 at z ∼ 5.
The large number of quasar spectra now available (largely thanks to SDSS, York
et al. 2000), offers an opportunity to make such measurements, but unfortunately the
signal to noise required to perform accurate measurements is only achieved in a small
fraction of cases. Moreover, the GP trough gives only weak lower bounds on the neutral
gas fraction and the quasar itself may have altered the ionization of the surrounding
IGM (Barkana and Loeb 2004), making obtaining fHI estimates even more complicated.
A new possibility to study the IGM and reionization comes by using high-redshift
GRBs: the typical GRB afterglow intrinsic synchrotron emission can be fit by a power-
law enabling better constraints on the red damping wing of Lyα than is possible
for quasars(Miralda-Escude´ and Rees 1998; Lamb and Reichart 2000; Ciardi and Loeb
2000; McQuinn et al. 2008). Also GRBs are less biased than QSOs, tracing more typical
IGM environments, their radiation has negligible affect on the IGM itself (shorter time-
scale radiation than QSOs), and in the first couple of days after their discovery they
are much brighter than the average QSO at z & 6 (e.g. GRB 090423 at z = 8.2 was
K = 20.6 at 4 days post-burst), with the potential for high-resolution, high signal-to-
noise ratio spectroscopy.
For several years, only the spectrum of GRB 050904(at z = 6.295 Totani et al.
2006) was able to provide constraints on the neutral hydrogen fraction (fHI < 0.6),
based solely on analysis of the red-damping wing. Recently, a newly discovered GRB at
z = 5.912, GRB 130606A, has provided a great dataset for a similar analysis (Chornock
et al. 2013; Totani et al. 2014; Hartoog et al. 2015): the bright optical/NIR afterglow
enabled not only a large follow-up effort, but absorption spectroscopy has shown a low
HI column density in the host, implying a much better constraint on the actual fHI of
the IGM.
GRB 130606A was discovered by the Swift and KONUS-Wind (Golenetskii et al.
2013) and its redshift was identified based on HI and metal absorption features at the
same redshift (z = 5.912). The afterglow was observed spectroscopically with several
instruments/telescopes: from the low-resolution FOCAS camera on Subaru telescope
(resolving power of R ∼ 900) to the X-Shooter instrument on VLT (R ∼ 10000). Here
we present the results from the former dataset and discuss some discrepancies with
other groups’ conclusions (Chornock et al. 2013; Totani et al. 2014; Hartoog et al.
2015).
The FOCAS data were obtained during 9.3-16.5 hours after burst and clearly show
the presence of a strong Lyα line. Also, flux calibration was performed using the
standard star Feige 34, obtained the same night.
The observed spectrum was fitted by a model which includes a simple power-law
intrinsic continuum (Fν ∝ νβ) and three components for the HI absorption feature: HI
from the host galaxy (host DLA), a diffuse contribution from the IGM, and a possible
intervening Damped Lyα system at lower redshift (DLA). For the host component a
simple Gaussian profile with radial dispersion σv and with a column density of N
host
HI
was used.
For the diffuse IGM we used Lorentzian (or the Voigt profile when convolved with
the Gaussian velocity distribution), and the two-level approximation formula by Peebles
(1993) and Miralda-Escude´ and Rees (1998), with neutral hydrogen fraction fHI in a
redshift range from zIGM,l = 5.67 and zIGM,u = [zGRB, free]. Also, the GP optical
7depth is τGP = 3.97×105fHI[(1+z)/7]3.2 calculated from the cosmological parameters
of Komatsu et al. (2011) and the primordial helium abundances of Peimbert et al.
(2007). These components can be seen in Figure 4. For this exercise we considered the
reionization to be uniform (rather then, e.g., patchy).
Regions of the spectrum cleaned of absorption features like C ii or Nv, as well as
strong skyline emission, were excluded by the fit and simple chi-squared minimization
statistics were employed in order to find the best model. The best-fit model parameters
are listed in Table 1 of Totani et al. (2014), and provide a neutral hydrogen fraction
of fHI = 0.086
+0.012
−0.011. Furthermore, we were able to exclude with high-confidence a
model that contains only a host DLA, while one or two components (diffuse IGM only,
or IGM+intervening DLA) are equally valuable good fits (Figure 5). The presence of
a second Lyα feature at lower redshift (z = 5.806) is supported by several metal lines
at such redshift, but further analysis of the possible presence (and strength) of the
expected Lyβ line allows to exclude that this is another DLA along the line of sight.
We point out that the chances of finding an intervening DLA at lower z is very
low: from the z ∼ 5−6 DLA numbers density the chance of random encountering such
system is roughly ∼ 3% (Songaila and Cowie 2010; Castro-Tirado et al. 2013). Finally,
the GRB 130606A spectrum shows the power of using high-z GRBs to probe the diffuse
IGM down to fHI ≈ 0.1 for gas close (≤ 5 Mpc in proper distance) to the host galaxy.
This value is consistent with the limits obtained by QSO studies (e.g Mortlock et al.
2011). Such analyses will be even more productive with the upcoming generation of
30m telescopes, which will be optimized for rapid follow-up of such transients as well
as be equipped with powerful NIR spectrographs.
It is interesting that other groups arrived at different results from that of Subaru
presented above. Chornock et al. (2013) found no evidence for nonzero IGM HI, though
their upper limit is not seriously in contradiction with the best-fit IGM HI of Totani
et al. (2014). It should be noted that Chornock et al. (2013) used an intrinsic afterglow
spectral index of β = −1.99, which is not supported by observed afterglow colors or
the VLT spectrum that shows β = −1.0. However, Hartoog et al. (2015) found the best
fit fHI to be zero, with a stringent 3σ upper limit of fHI ≤ 0.05, that is statistically
inconsistent with the best-fit fHI of Totani et al. (2014). Totani et al. (2015) examined
the origin of this discrepancy by analyzing the VLT data with the code adopted to the
Subaru data. It is found that the same result as Totani et al. (2014) is obtained by
adopting the same analysis method to the VLT spectrum, and hence the origin of the
discrepancy is likely the difference of analysis methods, especially the wavelength ranges
used. It is important to carefully optimize an analysis method to minimize systematic
uncertainties, when very high precision spectra are obtained for high-z GRBs.
4 Escape fraction and re-ionization: first galaxies
We mentioned in the previous section that a transition from a cold neutral IGM to the
hot ionized one must have occurred at some point in the Universe’s history. A key ques-
tion is whether this phase change was predominantly driven by ionizing radiation from
early generations of stars (UV emission from star forming galaxies), or whether other
mechanisms (e.g. decaying particle ionizing background, contribution from accretion
luminosity) must have had a significant effect. Considering the known star formation
budget at z ∼ 6–9, recent calculations confirm that it is plausible that massive stars
provided sufficient ionizing photons, providing that a substantial fraction (typical anal-
8yses suggest fesc of at least 10–20%) could escape the host galaxies in which the stars
reside (e.g., Bouwens et al. 2015). Unfortunately it is highly challenging observation-
ally to pin down the escape fraction even at lower redshifts, and most recent studies
have concluded that it is likely to be rather low, e.g. a few percent or less at z ∼ 3
(e.g., Grazian et al. 2015).
GRBs provide a novel route to addressing this question, since optical afterglow
spectroscopy of z > 2 GRBs frequently provides a measurement of the neutral hydrogen
column density along the line of sight through the host galaxy. Typically these columns
are high, as measured in damped Lyman-α absorbers, and are a lower limit to the
column that would have been in front of the GRB progenitor, in as much as hydrogen
proximate to the burst may well be ionized by the burst itself. Thus most lines of sight
are opaque to ionizing radiation, and in particular, very few GRB afterglows have ever
been found with columns low enough to allow even a small fraction of ionizing radiation
to escape and therefore to be measured directly (e.g. via far-UV photometry).
There are reasons to think that at higher redshifts, with more star formation occur-
ring in smaller galaxies, the escape fraction may increase, although measurements of
NHI from GRBs at z > 4 show at best a modest decline (Tho¨ne et al. 2013; Chornock
et al. 2014). Nevertheless, recently, thanks to the discovery of many z > 2 GRBs with
spectroscopic redshift and NHI column measurements, fesc has been measured using
an indirect technique, which involves only the determination of NHI distribution and
it is not subject to systematics due background subtraction (Chen et al. 2007; Gnedin
et al. 2008; Fynbo et al. 2009).
Following the work of Chen et al. (2007), the mean escape fraction of Lyman limit
photons averaged over all directions (GRB sightlines) is evaluated according to
〈fesc〉 = 1
n
i=n∑
i=1
exp[−σLLNi(H I)], (1)
where the sum extends over the total number of n GRB sightlines in the sample
and σLL = 6.28 × 10−18cm2 is the photoionization cross section of hydrogen atoms.
They find 〈fesc〉 = 0.02±0.02 (where error is estimated using the bootstrap re-sampling
method). They also where able to determine a 95% c.l. upper limit of 〈fesc〉 ≤ 0.075.
Fynbo et al. (2009), using a larger number of sight lines selected in a more unbiased
way, found very similar results. These results are also consistent with measurements
from Lyman Break Galaxies at z ∼ 3, therefore suggesting that the fesc from QSOs
and sub-L∗ galaxies, like the ones hosting GRBs, contribute for a comparable amount
of ionizing radiation.
The large GRB sample detected by Swift, and accurate redshift measurement from
ground based follow-up, have sparked deep observations of the highest redshift sample
of GRB host galaxies, in particular near the time when re-ionization was complete.
Numbers remain small at z > 6, so the constraints do not yet provide a critical problem
for re-ionization, but samples with good spectroscopy will hopefully improve in the
coming years.
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Figure 13. Incidence rate dN/dz of Mg ii absorbers with 0.6 Å < W λ27960 < 1.0 Å (left) and W λ27960 > 1.0 Å (right). The blue points are from the present study
based on SDSS data at moderate redshifts, while the green points show near-infrared measurements from Matejek & Simcoe (2012). The dashed line in the left panel
represents constant comoving density. In the right panel, we also show the compilation of cosmic star formation rate density, ρ˙∗ = dM∗/dtdAdX, scaled by dX/dz,
where A is comoving area and X is comoving distance. The data are collected from Hopkins (2004), Ly et al. (2007), Seymour et al. (2008), Smolcˇic´ et al. (2009), Zhu
et al. (2009), Rujopakarn et al. (2010), and Bouwens et al. (2011).
(A color version of this figure is available in the online journal.)
and W λ27960 > 1.0 Å).9 The combined results are presented
in Figure 13. Over the entire redshift range 0.4 . z . 5.5,
i.e., about 60% of the age of the universe, the incidence rate
of weaker absorbers (with 0.6 < W λ27960 < 1.0 Å) is consis-
tent with constant comoving density (the gray dashed line).
In contrast, the incidence rate for stronger absorbers (with
W λ27960 > 1.0 Å) increases up to z ∼ 2 and then decreases up
to z ∼ 5. For those systems, the global redshift evolution of the
incidence rate appears to be very similar to the cosmic star for-
mation history (SFH; e.g., Hopkins & Beacom 2006; Zhu et al.
2009). This is illustrated by the open circles in the right panel
of Figure 13 which show the compilation of cosmic star forma-
tion rate density (SFRD, ρ˙∗ = dM∗/dtdAdX), scaled by dX/dz,
where A is the comoving area and X is the comoving distance. We
have assumed ΛCDM cosmology with Ωm = 0.3, ΩΛ = 0.7,
and H0 = 70 km s−1 Mpc−1 in dX/dz. The overall shapes of
these two quantities (dN/dz and ρ˙∗dX/dz) are very similar,
pointing to a direct connection between strong absorbers and
star formation. To quantify this further, we introduce a new pa-
rameterization of the incidence rate of Mg ii absorbers combin-
ing constraints from our SDSS-based results and higher-redshift
measurements from Matejek & Simcoe (2012). We choose a
functional form inspired by the commonly used one for the
cosmic SFH (e.g., Cole et al. 2001; Hopkins & Beacom 2006):
∂2N
∂z∂W λ27960
(
W λ27960 , z
) = g(z)e−Wλ27960W∗ (z) , (5)
where
g(z) = g0 (1 + z)
αg
1 + ( z
zg
)βg ,
and
W ∗(z) = W ∗0
(1 + z)αW
1 + ( z
zW
)βW ,
in which αg , αW , βg , βW , zg , and zW > 0. We perform a global
least-squares fit to all ∂2N/∂z∂W λ27960 measurements at 0.6 <
W λ27960 < 5.0 Å at all redshifts with the parameterization above.
We note that given their large error bars, the near-infrared high-
redshift measurements contribute only weakly to the fit. The
9 The shape of dN/dz for another sample with 0.3 Å < W λ27960 < 0.6 Å is
very similar to that for 0.6 Å < W λ27960 < 1.0 Å.
Table 2
Best-fit Parameters of Equation (5)
g0 αg zg βg
0.63 ± 0.39 5.38 ± 1.08 0.41 ± 0.06 2.97 ± 0.59
W0 αW zW βW
0.33 ± 0.03 1.21 ± 0.19 2.24 ± 0.28 2.43 ± 0.25
constraints are dominated by the more precise measurements
presented in this work. The best-fit parameters and their formal
errors are given in Table 2 and the corresponding incidence rates
are shown with solid lines in Figures 12 and 13. In both cases,
the parameterization given in Equation (5) is an accurate repre-
sentation of the data points over the entire redshift range. In ad-
dition, we accurately reproduce the redshift evolution of W ∗(z),
introduced in Equation (3), as shown in the inset of Figure 11.
4.3. Discussion
Using about 35,000 intervening Mg ii absorbers from the
SDSS and near-infrared data from Matejek & Simcoe (2012),
we have shown that the evolution of the incidence rate of strong
Mg ii absorbers is very similar to that of the cosmic SFH over
the entire range 0.4 < z < 5.5. This is in agreement with
previous results (e.g., Bergeron & Boisse´ 1991; Nestor et al.
2005; Prochter et al. 2006) but is now shown with a much
higher precision.
Several studies have suggested a connection between strong
Mg ii absorbers and star formation. Bergeron & Boisse´ (1991)
showed that most galaxies identified with Mg ii absorbers in
their sample are fairly blue and show [O ii] emission. Norman
et al. (1996) detected strong Mg ii absorption arising from gas
around starburst galaxy NGC 520. Using near-infrared integral
field spectroscopy, Bouche´ et al. (2007) detected strong Hα
emission around 14 out of 21 strong Mg ii absorbers with
W λ27960 > 2 Å. Nestor et al. (2011) studied galaxies around
two strong Mg ii absorbers with W λ27960 > 3 Å, and found
that they are both associated with bright emission-line galaxies
with large specific star formation rate for their masses. Me´nard
et al. (2011) showed that the mean [O ii] luminosity density
traced by a sample of about 8500 Mg ii absorbers from the
SDSS follows that of the cosmic SFH. A number of studies of
galaxy spectra also support the connection between absorbers
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Fig. 1 Incident rate dN/dz of very strong Mg ii absorbers (W2796 > 1.0 A˚). Blue points
are from Zhu and Me´nard (2013) based n SDSS data at moderate redshif s, while the green
po nts sh w near-infrared easurements from Matejek and Simcoe (2012). On the right axes
we indicate the cosmic s r formation rate density, ρ˙∗ = dM∗/dtdAdX, scaled by dX/dz, where
A is comoving area and X is comoving distance.
Fig. 2 Cumulative distribution of strong Mg ii absorbers along GRB sight lines for an in-
dependent sample from Prochter et al. (2006b) (Sample I) and for the full sample (Sample
F, black and blue solid curves, respectively). These are compared to the predicted incidence
based on measurement along QSO lines of sight (dashed curves). The independent Sample I
actually shows fewer absorbers than expected while a modest excess remains in Sample F.
Neither result corresponds to a statistically significant difference from the QSO results.
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